The adsorption of particles with repulsive nearest-neighbour interactions was studied through Monte Carlo simulation on bivariate surfaces characterized by patches of weak and strong adsorbing sites of size l. Patches were either arranged in a deterministic chessboard structure or in a random way. Quantities were identified which scale obeying power laws as a function of the scale length l. The consequences of these findings were discussed for the determination of the energetic topography of the surface from adsorption measurements.
INTRODUCTION
The role of adsorptive surface characteristics in many processes of practical importance is a topic of increasing interest in surface science. Adsorption, surface diffusion and reactions on catalysts are some of the phenomena which are strongly dependent upon surface structure. Most materials have heterogeneous surfaces which, on interacting with gas molecules, present a complex spatial dependence of the adsorptive energy. It is of substantial interest to attempt a complete characterization of such heterogeneity.
During the past 50 years adsorption has been used for determining the energetic properties of heterogeneous substrates, but this still remains an open problem in many respects (Steele 1974; Jaroniec and Madey 1988; Rudzinski and Everett 1992; Rudzinski et al. 1997) . For quite some time during the history of studies of heterogeneous adsorbents, the adsorptive energy distribution was considered the only important characteristic necessary for describing the behaviour of adsorbed particles, and much effort was dedicated to the development of methods for its determination from experimental adsorption data (Jaroniec and Bräuer 1986) . More recently (Riccardo et al. 1992; Zgrablich et al. 1996a,b; Bulnes et al. 1999) , it has become clear that many gas-solid surface processes are strongly affected, not only by the adsorptive energy distribution, but also by the way these energies are distributed spatially (energetic topography). It is thus a challenge in the field of gas-solid interactions to envisage methods for the determination of the energetic topography of heterogeneous substrates from adsorption experiments (characterization problem).
Unfortunately, the characterization problem for a general heterogeneous surface, represented for example by a multivariate distribution function with spatial correlations, has been shown to be a formidable problem which is far from being solved (Zgrablich 2000) . A more modest goal would be to attempt the characterization of simpler topographies such as those arising in bivariate surfaces, i.e. surfaces composed by two kinds of sites, say weak and strong sites with adsorptive energies 1 and 2 , respectively, arranged in patches of size l. Recent developments in the theory of adsorption on heterogeneous surfaces, such as the supersite approach (Steele 1999) , and experimental advances in the tailoring of nano-structured adsorbates (Yang et al. 1998; Lopinski et al. 2000) have encouraged this kind of study. Bivariate surfaces may also mimic, to a rough approximation, more general heterogeneous adsorbates. To give a few examples, we may mention surfaces with energetic topography arising from a continuous distribution of adsorptive energy with spatial correlations, such as those described by the Dual Site-Bond Model (Zgrablich et al. 1996b) , or that arising from a solid where a small amount of randomly distributed impurity (strongly adsorptive) atoms has been added (Bulnes et al. 1999) . In both cases, the energetic topography could be roughly represented by a random spatial distribution of irregular patches (with a characteristic size) of weak and strong sites.
Accordingly, the scope of the present work is to determine, via Monte Carlo simulation, the general properties of the adsorption of interacting particles on model bivariate surfaces with a characteristic correlation length, l, and find out to what extent this length scale could be determined from adsorption measurements.
METHODS
We assume that the substrate is represented by a two-dimensional square lattice of M adsorption sites, with periodic boundary conditions. Each adsorption site can be either a 'weak' site, with adsorptive energy 1 , or a 'strong' site, with adsorptive energy 2 ( 1 < 2 ). Weak and strong sites form square patches of size l (l = 1, 2, 3, . . .) which are spatially distributed either in a deterministic alternate way (chessboard topography), or in a non-overlapping random way (random topography). The substrate is exposed to an ideal gas phase at temperature T and chemical potential . Particles can be adsorbed on the substrate with the restriction of at most one adsorbed particle per site and we consider a nearest-neighbour (NN) repulsive interaction energy w among them. The adsorbed phase is then characterized by the Hamiltonian:
where = 1 + 2 is the total surface coverage (summing the coverages on the weak and strong sites), n 1 is the site occupancy number (= 0 if empty or = 1 if occupied) and the sum runs over all pairs of NN sites (i,j). Without any loss of generality, we can consider that all energies are measured in units of k B T, and that 1 = 0 and 2 = 1 + E, in such a way that the adsorptive energy is characterized by the single adimensional parameter E. The adsorption process is simulated through a standard Grand Canonical Ensemble Monte Carlo method (Nicholson and Parsonage 1982; Binder and Landau 1981) . The number of adsorbed particles, N, and the value of the Hamiltonian are monitored in the simulation and the averages = <N>/M and U = <H> -<N> are calculated. From them, the adsorption isotherm, ( ), and the differential heat of adsorption (Bakaev and Landau 1981) 
In the present study, we focus on the case of repulsive interaction energy among adsorbed particles (w = 0). This is far more interesting since, as we shall see, order-disorder phase transitions can take place in the adsorbate, even if the order can be partially disturbed by heterogeneity. Given that all energies are being measured in units of k B T, there will be a critical NN interaction, w c = 1.763 668, above which the formation of an ordered c(2 × 2) phase is possible at = 0.5. Figure 1 shows the behaviour of (a) the adsorption isotherms and (b) q d ( ) for different topographies for w = 4 and E = 24. We have identified the different topographies as: l C for chessboard patches of size l, l R for random patches of size l, and bp for the case of a surface with two big patches. It can be seen that all curves are contained between two limit ones: the one corresponding to l C and the one corresponding to bp. For chessboard topographies, four different adsorption proc-esses can be visualized, separated by shoulders in the adsorption isotherm and by steps in q d : (i) strong site patches are filled first up to = 0.25, where a c(2 × 2) structure is formed on them (in this region q d = 24); (ii) since 4w < E, the filling of strong site patches is completed up to = 0.5 (in this region q d decreases continuously from 24, zero occupied NN, to 8, four occupied NN); processes (iii) and (iv), corresponding to the regions 0.5 < < 0.75 and 0.75 < < 1, respectively, are equivalent to processes (i) and (ii) for weak site patches. Random topographies are seen to behave in a similar way with a particularly interesting feature: the behaviour of a random topography of size l seems to approach that of a chessboard topography with an effective size l eff > l. As can be easily understood, as long as the condition w/ E 1/4 is satisfied, the adsorption process is similar to the one described above, i.e. strong site patches are filled first and weak site patches are filled after. We call this feature Regime I. Figure 2 shows the behaviour of (a) the adsorption isotherms and (b) q d ( ) for different topographies for w = 4 and E = 12. In this case, where w/ E 1/3, the adsorption process follows a different regime, which we call Regime II: (i) the strong site patches are filled until the c(2 × 2) ordered phase is formed on them; (ii) the weak site patches are filled until the c(2 × 2) ordered phase is formed on them; (iii) the filling of the strong site patches is completed; (iv) the filling of the weak site patches is completed.
RESULTS
It should be noticed that Regimes I and II are disconnected. In between, i.e. 1/4 < w/ E < 1/3, the system behaves in a mixed transition regime changing continuously from one to another.
The fact that both adsorption isotherm and heat of adsorption curves for different topographies, characterized by a length scale l, vary between two extreme curves suggests that we should search for some appropriate quantity to measure the deviation among these curves and study the behaviour of such a quantity as the length scale is varied.
The quantity we found most suitable is the area between a given curve and a reference curve. For adsorption isotherms, this quantity, a , is defined as
where R ( ) is the reference adsorption isotherm. A similar quantity, h , can be defined for the adsorption heat curves. By taking as a reference curve the one corresponding to the bp topography, we obtain Figure 3 , where we can see that a behaves as a power law in l eff = s l (s = 1 for chessboard topography and s = 2 for random topography 1 with two different values of the exponent, , for Regimes I and II. By changing w and E, we have also found a power law for intermediate regimes, obtaining for exponent the general behaviour in the adimensional variable w/ E represented in Figure 4 . Exactly the same behaviour is also found for h . Up to now it is clear that this behaviour of exponent is universal, in the sense that it is unique for all values of E and for both a and h . However, we have found that this universality goes far beyond. In fact, exactly the same behaviour is found by taking as a reference curve for the calculation of any curve (either adsorption isotherm or heat of adsorption) corresponding to a system with the appropriate values of w and E. Even more, a suitable reference curve can be any theoretical approximation reflecting the appropriate values of w and E, such as for example the mean field approximation for bp topography whose adsorption isotherm is Then, as a result of the above findings, we can establish with considerable generality that the quantity , calculated either for the adsorption isotherm or for the differential heat of adsorption by using any suitable reference curve, behaves as a power law in the effective length scale, such as: ln = const -ln l eff (4) where the exponent has the universal behaviour given in Figure 4 . These results suggest a method for solving the problem of the characterization of the energetic topography of heterogeneous substrates which can be approximated by bivariate surfaces, through adsorption measurements of particles with repulsive interactions. Adsorption measurements that are strictly necessary are the variation of the differential heat of adsorption as a function of coverage, q d ( ), which can be obtained by using microcalorimetry techniques, and the adsorbate-adsorbate interaction energy, w, which can be obtained by LEED or STM measurements at different temperatures to determine the critical temperature for the formation of the ordered c(2 × 2) structure. From this, and since q d (0) = 2 and q d (1) = 1 + 4w, it is possible to determine 1 , 2 and E. Then, given the value of w/ E, the value of can be obtained from Figure 4 . Finally, by choosing an appropriate theoretical approximation as a reference curve for q d ( ) 2 , the value of h can be calculated allowing l eff to be obtained from equation (4). Note that measurement of the adsorption isotherms is not necessary, though it would be convenient to obtain an alternative value of l eff to check the accuracy of the result. 2 The value of q d ( ) can be obtained from equation (4) 
CONCLUSIONS
In conclusion, we have studied by Monte Carlo simulations the adsorption of repulsively interacting particles on heterogeneous bivariate surfaces characterized by different energetic topographies. The heterogeneity is determined by two parameters: the difference of adsorptive energy between strong and weak sites, E, and an effective correlation length, l eff , representing the length scale for homogeneous adsorptive patches. Unique scaling properties and power-law behaviour have been established for relevant adsorption quantities, such as the adsorption isotherm and the differential heat of adsorption. The exponent as a function of w/ E was found to follow a universal behaviour. These findings provide for the first time a method for characterizing the energetic topography (i.e., obtaining the parameters for experimental measurements) of a class of heterogeneous surfaces which can be approximately represented as bivariate surfaces.
